The development of a nosocomial pneumonia is facilitated by alterations in host innate pulmonary antibacterial defenses following surgical trauma, which can result in decreased pulmonary bacterial clearance and increased morbidity and mortality. In a murine model of postoperative nosocomial infection, surgical stress (laparotomy) decreased Escherichia coli clearance from the lungs of animals that underwent surgery. Consistent with previous studies, (i) pulmonary levels of tumor necrosis factor alpha at 6 h and of interleukin-1␤ (IL-1␤), IL-6, and gamma interferon (IFN-␥) at 24 h post-bacterial infection (PBI) were decreased in animals that underwent laparotomy 24 h prior to E. coli infection (LAP/E. coli) compared to animals that received E. coli only; (ii) KC and macrophage inhibitory protein 2 were elevated at 6 h PBI in LAP/E. coli animals compared to E. coli-only animals; however, at 24 h PBI, levels were higher in the E. coli-only group; (iii) at 24 h PBI, monocyte chemoattractant protein 1 was lower in the LAP/E. coli group compared to the E. coli-only group; (iv) IL-10 levels were unaffected at all time points evaluated; and (v) the total number of neutrophils present in the lungs of LAP/E. coli animals at 6 h PBI was decreased in comparison to that in E. coli-only animals, resulting in decreased bacterial clearance and increased mortality in LAP/E. coli animals by 24 h PBI. Similar changes in cytokine profiles, pulmonary bacterial clearance, and mortality were consistent with reported findings in patients following surgical trauma. This model, therefore, provides a clinically relevant system in which the molecular and cellular mechanisms that lead to the development of nosocomial pneumonia can be further explored.
Nosocomial bacterial pneumonia is the second most common hospital-acquired infection (2, 40, 59) and is the leading cause of infection in hospital intensive care units (2, 40) , accounting for anywhere from 31 to 47% of all intensive care unit nosocomial infections (72) . Of even greater importance is that nosocomial pneumonia is the leading cause of death among all nosocomial infections (40) . The most commonly cited pathogens responsible for nosocomial pneumonia are Staphylococcus aureus, Pseudomonas aeruginosa, Enterobacter species, Escherichia coli, and Klebsiella pneumoniae (2, 58) .
Normal host defense against lung bacterial infection includes both innate and acquired immune responses (71) . The primary function of the innate immune response is the elimination of foreign particles deposited on the surface of the airways and the rapid clearance of pathogens from the alveoli (68) . Innate immunity includes pattern recognition molecules and receptors, complement (alternative and mannan-binding lectin pathways), antimicrobial peptides (such as defensins), leukocytes (e.g., neutrophils and monocytes/macrophages), and cytokines produced by leukocytes (71) .
The first line of phagocytic defense against pathogens that gain access to the gas-exchanging airways is the alveolar macrophages (66) . Pathogen-activated phagocytes, in turn, produce cytokines (proinflammatory, modulatory, and antiinflammatory) which have a critical role in the localization, reinforcement, and resolution of the host defense response (68) . The cytokines secreted by phagocytes in response to infection include tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), IL-10, IL-12 (which stimulates gamma interferon [IFN-␥] from lymphocytes), and members of the C-X-C (IL-8 in patients or macrophage inhibitory protein 2 and KC in mice) and C-C (i.e., monocyte chemoattractant protein 1 [MCP-1]) chemokine families (45) . While the generation of this cytokine cascade is critical for clearance of microbial agents, a modulatory response is equally important to ensure that the intense acute inflammation does not cause too much damage to the host (23, 57) .
Injury, either surgical or traumatic, is associated with acute impairment of the immune response (65) , which is believed to be a major factor in the development of nosocomial pneumonia (1) . Recent studies have shown that this impairment is characterized, in part, by suppressed macrophage regulatory and effector functions (14, 38) , resulting in alterations in cytokine production and in the host's ability to clear bacterial pathogens from the pulmonary airspace (27, 47, 53, 54) .
Within hours after surgery or trauma to tissue, an intense proinflammatory reaction occurs within the lungs of injured patients and is characterized by local production of proinflammatory cytokines (27, 38, 47) followed by an influx of activated neutrophils (30) . IL-6, a mediator of the acute-phase response to injury and infection, is elevated postoperatively and has been reported to be directly related to the degree of tissue injury (4) , while an increased production of TNF-␣ following surgery is considered to reflect the degree of surgical stress (3). Kato et al. (33) have also reported elevated plasma levels of IL-6, IL-8, and granulocyte colony-stimulating factor both during and after major abdominal surgery. However, during the early phase of the postoperative course (days 1 and 2 following a major surgery), the production of cytokines associated with the Th1 phenotype of CD4 T cells is dramatically impaired (7, 25, 26) , with reductions in TNF-␣, IFN-␥, and IL-2 ranging anywhere from 37 to 55%. Subsequently, during the late phase of the postoperative course (days 3 to 5), production of IL-2 and IFN-␥ increased to preoperative levels, while TNF-␣ was still suppressed (26) . In addition, patients with a profile of postoperative elevated IL-8 levels and increasing levels of IL-10 were more likely to develop a nosocomial pneumonia (47, 64) . Prior to surgical incision, in patients receiving total intravenous anesthesia, levels of IL-1␤, IL-4, IL-6, TNF-␣, and IFN-␥ did not differ from preinduction levels (25) . However, by 24 h postoperatively, IL-1␤, IL-4, IL-6, and TNF-␣ showed marked decreases. Our laboratory has also shown that even the stress of anesthesia can alter innate pulmonary cytokine responses (41, 56) . However, anesthesia alone (i.e., halothane) does not appear to affect baseline phagocytic properties of monocytes (69) .
Numerous studies have demonstrated that an unbalanced differentiation of Th1 and Th2 cells during an immune response may result in severely impaired defense against a variety of pathogens (61) . Functional analysis of T lymphocytes obtained from patients after major surgery demonstrated impaired cytokine secretion involving both Th1-and Th2-type cytokines, including IFN-␥, IL-2, and IL-4. IL-10, while not suppressed early on postoperatively, was increased late after surgery, suggesting that the defect in T-cell cytokine secretion may be characterized by the production of the antiinflammatory cytokine IL-10 rather than by a strict differentiation to a Th1 or Th2 phenotype (10) .
Decreased production of IL-1and IL-2 and increased monocyte prostaglandin E 2 production after trauma have been suggested as two of the major monocyte dysfunctions that contribute to alterations in immune system responsiveness (16, 17, 44) . Following injury or major surgery, elevated levels of prostaglandin E 2 in monocytes have been shown to suppress monocyte antigen-presenting capacity and T-cell expression of IL-2 (16) (17) (18) , along with a loss of cell surface HLA-DR molecules (74) . In addition, major surgery altered neutrophil chemotaxis and adherence for up to 14 days postoperatively (42) , and these characteristics have been reported to correlate positively with phagocytosis and bactericidal killing (43) .
In order to identify underlying mechanisms responsible for perioperative alterations in host-pathogen interactions, we have developed a clinically relevant murine model of surgically induced suppression of pulmonary bacterial clearance. Considering that surgical trauma can impair a host's ability to resolve subsequent bacterial infection, we hypothesized that a postoperative challenge with a bacterial pathogen would result in (i) decreased pulmonary bacterial clearance, (ii) surgical suppression in cytokine profiles typically associated with innate antibacterial host defenses, and (iii) a decrease in influx and/or function of neutrophils and/or macrophages into the pulmonary airspace.
To test these hypotheses, leukocyte influx, proinflammatory cytokines (TNF-␣, IL-1␤, and IFN-␥), cytokines that promote the transition from acute to subacute or chronic inflammatory responses (e.g., IL-6 and IL-10), and several chemotactic cytokines (e.g., KC, MIP-2, and MCP-1) were assessed at various time points following bacterial infection (in surgery and nonsurgery animals), as these have been identified by our laboratory and by others (5, 14, 21, 47) as important mediators of antibacterial host defense. An understanding of the pathogenic mechanism(s) that leads to the development of pneumonia postsurgery will help identify potential strategies to decrease the morbidity, mortality, and cost that is associated with this surgical complication.
MATERIALS AND METHODS
All procedures performed on mice in this study were approved by the University at Buffalo's Institutional Animal Care and Use Committee and complied with all state, federal, and National Institutes of Health regulations.
Bacterial strain and culture. A human bacteremic isolate of E. coli CP9 (O4/K54/H5) was used as a model pathogen for these studies (62, 63) . Briefly, E. coli CP9 was grown overnight in Luria-Bertani (LB) broth at 37°C. Prior to intranasal (i.n.) inoculation, bacteria were diluted such that a 30-l inoculum contained an estimated concentration of 3 ϫ 10 6 CFU. The actual titer of the inoculum was determined by plating serial 10-fold dilutions of a 100-l sample of the challenge inoculum on LB agar plates and incubating at 37°C for 18 h.
Animal model of nosocomial pneumonia. (i) Surgical trauma (laparotomy).
Male, specific-pathogen-free CD-1 mice (Charles River, Wilmington, Mass.), age 5 to 6 weeks, were acclimated for 1 week prior to the beginning of the experiment. Anesthesia, 2% halothane in 50% O 2 , was delivered by nose cone throughout the duration of the surgery. A 2-cm longitudinal abdominal incision was made, the bowel was exteriorized, and the retroperitoneum was denuded by rubbing with a sterile cotton swab. The bowel was put back into the abdominal cavity, and the incision was closed with a 6-0 Ethilon suture. A solution of 0.1% bupivicaine HCl (Marcaine; Abbott Laboratories, North Chicago, Ill.), a local anesthetic that does not affect the host-response process (13) , was injected subcutaneously around the periphery of the closed incision. A combination of imipenem and cilastin (Primaxin; Merck & Co., Inc., West Point, Pa.; 25 mg/kg of body weight; t 1/2 ϭ 1.1 h) was immediately administered (in a 1-ml volume of normal saline) into the scruff of the neck for fluid volume replacement and prevention of an opportunistic postoperative wound infection. The imipenemcilastin solution was also given to nonsurgical animals (i.e., those that did not undergo laparotomy) on the same day as laparotomy as a control for any effects on the host response.
(ii) Bacterial challenge. At 24 h postsurgery, mice were heavily sedated with 100 mg (intraperitoneal) of ketamine (Ketaset; Fort Dodge Animal Health, Fort Dodge, Overland Park, Kans.)/kg and inoculated i.n. with 30 l of sterile normal saline or E. coli (ϳ3 ϫ 10 6 CFU) and then allowed to recover. Pilot studies from our laboratory, in which bacterial lung titers were determined immediately following the E. coli challenge, demonstrated an approximate 33% efficiency of the i.n. challenge (3 ϫ 10 6 CFU challenge versus 1 ϫ 10 6 CFU harvested [data not shown]).
(iii) Experimental groups. At each time period evaluated (0, 6, 24, and 48 h post-bacterial inoculation [PBI]), there were four independent groups with the following group designations: (i) ϪLAP/NS, no surgery followed 24 h later by i.n. normal saline; (ii) ϪLAP/CP9, no surgery followed 24 h later by i.n. E. coli; (iii) ϩLAP/NS, surgery followed 24 h later by i.n. normal saline; (iv) ϩLAP/CP9, surgery followed 24 h later by i.n. E. coli. In order to achieve a sufficient number of animals per group for statistical analysis, seven independent experiments were conducted with an average of 25 animals per experiment, with each of the four experimental groups included in every experiment.
(iv) Lung harvesting, myeloperoxidase (MPO), and cytokine analyses. At 0, 6, 24, and 48 h PBI, mice were anesthetized with halothane as described above. When fully anesthetized, a longitudinal incision was made up the abdomen, cutting through the sternum and the neck musculature to expose the trachea. The vena cava was transected, and the pulmonary vasculature was flushed by slowly injecting 5 ml of 37°C Hanks' balanced salt solution (with Ca 2ϩ and Mg 2ϩ ; GIBCO BRL, Life Technologies, Grand Island, N.Y.) into the right ventricle.
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The rib cage was then cut away, and a 22-gauge catheter was inserted into the trachea and tied into place with a suture. A bronchoalveolar lavage (BAL) was performed by injecting five 1-ml volumes of 37°C sterile normal saline through the catheter and into the lungs. The effluent was collected with a syringe, and the recovered BAL was centrifuged at 1,500 ϫ g for 3 min at 4°C. Without disturbing the pellet, the supernatant was aliquoted and stored at Ϫ80°C for subsequent cytokine analyses. An aliquot was removed (100 l) for E. coli titer determination. After the BAL was completed, the lungs and heart were removed en bloc and the heart was discarded. Lungs were weighed, suspended in homogenate buffer (150 mM NaCl, 15 mM Tris, 1 mM CaCl 2 ⅐ 2H 2 O, 1 mM MgCl 2 ⅐ 6H 2 O) plus 100ϫ protease inhibitor cocktail 1 (Calbiochem, La Jolla, Calif.) to a total volume of 3 ml and homogenized on ice three times for 3 s using a Polytron PT-2000 homogenizer (Brinkman Instruments, Westbury, N.Y.). Aliquots of lung homogenates (100 l) were removed for E. coli titer determinations. Homogenates were centrifuged at 40,000 ϫ g for 10 min at 4°C, and the supernatants were aliquoted and frozen at Ϫ80°C until cytokine analyses could be conducted. The remaining pellets were processed for MPO activity measurement by resuspension in 1 ml of buffer containing 50 mM KH 2 PO 4 , 13.7 mM hexadecyltrimethylammonium bromide, and 5 mM EDTA, pH 6.0. Samples were then sonicated on ice for 60 s using a Sonifier Cell Disruptor 350 with a microtip probe (Branson Ultrasonics, Danbury, Conn.) and centrifuged at 40,000 ϫ g for 10 min at 4°C. The supernatant was reserved, an additional 1 ml of buffer was added to the pellet, and the sonication procedure was repeated. The supernatants were pooled, aliquoted, and stored at Ϫ80°C until the MPO activity assay was performed.
MPO assay. Sample supernatants (see above) were thawed and assayed for MPO activity by combining 100 l of sample with 1.5 ml of assay buffer containing 50 mM KH 2 PO 4 , 176 M H 2 O 2 , and 525 M o-dianisidine hydrochloride (Sigma Chemical), pH 6.0, in a cuvette and continually recording the absorbance at 460 nm for 90 s using a DU-650 spectrophotometer (Beckman Instruments). The spectrophotometer was blanked with 50 mM phosphate buffer before reading the sample. MPO activity was expressed as the absorbance change (at 460 nm) (ABS) per minute over the linear portion of the curve and normalized to the total volume extracted from the lung.
BAL fluid differential cell count. After the BAL fluid was centrifuged and samples were aliquoted, the remaining pellet was resuspended in 3 ml of cold phosphate-buffered saline (PBS) plus 0.1% azide, and the cell suspension was layered on 2 ml of cold 2% bovine serum albumin in PBS plus 0.1% azide and centrifuged at 150 ϫ g for 10 min at 4°C. The supernatant was aspirated and the pellet was resuspended in 1 ml of cold PBS plus 0.1% azide, and a total cell count was performed with a Multisizer 3 Coulter Counter (Beckman Coulter, Fullerton, Calif.). Differential cell counts were performed on cytoslides prepared using a cytocentrifuge (Cytospin 3; Shandon Southern Instruments, Sewickley, Pa.) stained with Diff-Quik (Baxter, Detroit, Mich.) according to the manufacturer's instructions.
TNF-␣ WEHI bioassay. TNF-␣ bioactivity was measured using the WEHI 164 subclone 13 fibrosarcoma cell line bioassay, as previously described (9) . This assay is based on the specific cytotoxicity of TNF-␣ to WEHI cells, a cell line derived from a mouse fibrosarcoma (a generous gift from Steven L. Kunkel, Department of Pathology, University of Michigan, Ann Arbor). 3-[4,5-Dimethylthiazo-2-yl]-2,5-diphenyltetrazolium bromide was used as a cell viability indicator, being taken up and cleaved to a dark blue formazan product by active mitochondria, which was quantified spectrophotometrically. An increase in TNF-␣ concentration results in increased cell death and reduced absorbance at 570 nm (46) . This assay has a detection limit of approximately 1 pg/ml (15) .
Albumin ELISA. Pulmonary injury was assessed by measuring levels of albumin present in BAL fluid by direct enzyme-linked immunosorbent assay (ELISA), following the procedure of Nemzek et al. (50) . The polyclonal rabbit anti-mouse albumin antibody used in the assay was a generous gift from Daniel G. Remick (Department of Pathology, University of Michigan). Briefly, the antibody and BAL samples were diluted in borate buffer (120 mM NaCl, 50 mM H 3 BO 3 , and 16 mM NaOH), and 50 l of the appropriate sample or standard was added to the wells of a 96-well Nunc Maxisorb plate (Immunoplate; Nunc, Neptune, N.J.) and incubated overnight at 4°C. Upon termination of incubation, the solution was aspirated from the wells and the wells were washed five times with wash buffer (PBS plus 0.5% Tween 20; 300 l per well). To block nonspecific binding sites, 150 l of casein buffer (Pierce) was added to all wells and the plate was incubated at room temperature for 1 h on a nutator. Following incubation, the plates were washed as previously described and 50 l of the rabbit anti-mouse albumin (diluted in PBS with 0.01% rabbit serum) was added to each well. Plates were then incubated on the nutator for 1 h at room temperature. Plates were washed, and 50 l of goat anti-rabbit immunoglobulin G-horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, Pa.) was added to each well and incubated for 1 h at room temperature. Plates were washed, and 100 l of substrate solution (3:1 substrate reagent A/substrate reagent B ratio; PharMingen, San Diego, Calif.) was added to each well. Plates were then incubated for 30 min in the dark at room temperature. The reaction was stopped with 2 N sulfuric acid (100 l per well), and plates were immediately read on a SPECTRAmax 190 microplate spectrophotometer (Molecular Devices, Sunnyvale, Calif.) with the absorbency set at 450 and 570 nm.
Cytokine ELISAs. Immunogenic IL-6, IL-10, IFN-␥, KC, MCP-1, and MIP-2 concentrations from BAL fluid, or IL-1␤ concentrations from lung homogenate, were determined with commercially available ELISA kits from R&D Systems (Minneapolis, Minn.) or from PharMingen following the manufacturers' instructions.
Statistical analysis. Two-factor analyses of variance were performed to test for interaction between surgery and bacterial infection with respect to lung injury (i.e., albumin), neutrophil infiltration (i.e., MPO), and inflammation (i.e., cytokine) parameters. Between-group comparisons on the effect of surgery and bacteria were performed at each harvest time point for significant differences from their respective saline control groups using Tukey's test for pairwise comparisons. Categorical (mortality) data were compared by a chi-square analysis of contingency tables. Experimental groups (n ϭ 8 to 12 animals per group) at each time period were evaluated. Values are expressed as means Ϯ standard errors of the mean, with a P value of Ͻ0.05 considered significant.
RESULTS
Pulmonary bacterial clearance. The average titer of the E. coli challenge inoculum from all experiments (n ϭ 7) was 3.8 ϫ 10 6 Ϯ 2.7 ϫ 10 5 CFU. At 6 h PBI, animals in both E. colichallenged groups had E. coli titers that were lower than the challenge inoculum (ϪLAP/CP9, 3.0 ϫ 10 5 Ϯ 4.5 ϫ 10 4 ; ϩLAP/CP9, 3.2 ϫ 10 5 Ϯ 6.6 ϫ 10 4 ). At 24 h PBI, the ϪLAP/ CP9 group demonstrated effective clearance (6.13 ϫ 10 2 Ϯ 3.17 ϫ 10 2 CFU). Conversely, E. coli clearance in the ϩLAP/CP9 group was impaired (1.04 ϫ 10 4 Ϯ 0.44 ϫ 10 4 CFU; P Ͻ 0.05) (Fig. 1) . By 48 h PBI, E. coli titers in all groups were not measurable. Therefore, at 24 h after E. coli inoculation, ani- on January 11, 2018 by guest http://cvi.asm.org/ mals that did not undergo laparotomy were able to more effectively clear the bacterial burden (as measured by the number of pulmonary CFU), compared to clearance in animals that underwent laparotomy. Lung injury. The amount of albumin present in the BAL fluid is an accurate assessment of the level of damage done to the alveolar capillary wall (49) . In our model, lung injury peaks at 6 to 24 h PBI and begins to resolve by 24 to 48 h PBI. E. coli pulmonary infection clearly resulted in an increase in alveolar capillary wall injury at 6 and 24 h PBI in both ϪLAP/CP9 animals (151.9 Ϯ 5.7 g/ml and 152.5 Ϯ 11.9 g/ml) and ϩLAP/CP9 animals (144.0 Ϯ 6.1 g/ml and 148.7 Ϯ 9.2 g/ml) (Fig. 2) . Predictably, albumin levels were low in the ϪLAP/NS and ϩLAP/NS groups. By 48 h PBI, albumin levels in all groups had returned to baseline. Therefore, laparotomy alone or followed by i.n. E. coli did not result in any additional lung injury beyond what was produced by E. coli alone.
Mortality. No mortality was observed in any of the experimental groups at 6 h PBI. This was in marked contrast to results with ϩLAP/CP9 animals that survived longer than 6 h PBI. By 24 h PBI, the mortality in the ϩLAP/CP9 animals was 26% (21 of 80 animals), compared to 6.0% (5 of 80 animals) in the ϩLAP/NS group (P Ͻ 0.01). No mortality occurred in any of the experimental groups between 24 and 48 h PBI. The increase in the number of deaths in the ϩLAP/CP9 group at Ͼ6 h PBI and Ͻ24 h PBI coincided with the less-effective clearance of E. coli (relative to that in ϪLAP/CP9 animals) seen in this group at the same time point.
Leukocyte influx. (i) Whole-lung MPO assay. MPO is a marker for neutrophil infiltration into the lung. MPO levels in ϪLAP/CP9 and in ϩLAP/CP9 animals were increased at both 6 h PBI (ϪLAP/CP9, 24.4 Ϯ 0.86 ABS/min; ϩLAP/CP9, 23.3 Ϯ 1.84 ABS/min) and 24 h PBI (ϪLAP/CP9, 19.5 Ϯ 1.54 ABS/min; ϩLAP/CP9, 17.6 Ϯ 2.05 ABS/min), with no differences observed between the ϪLAP/CP9 and ϩLAP/CP9 groups at any time point tested (Fig. 3) . Predictably, MPO levels were low in the ϪLAP/NS and ϩLAP/NS groups. By 48 h PBI, MPO levels had returned to baseline. Therefore, laparotomy had no demonstrable effect on lung MPO activity in infected or uninfected animals.
(ii) BAL fluid cell counts. Differential BAL fluid cell counts assess neutrophil influx into the pulmonary airspace. Laparotomy alone (i.e., ϩLAP/NS) did not increase polymorphonuclear monocytes (PMNs) in BAL fluid (Table 1 ). At both 6 and 24 h PBI, PMNs were predominant in CP9-challenged animals (both with and without laparotomy). While E. coli induced robust PMN extravasation into the lung, this effect was more than twofold greater at 6 h PBI in animals that received only i.n. E. coli (ϪLAP/CP9; 14,330 Ϯ 1,325) than in animals that underwent laparotomy (ϩLAP/CP9; 6,127 Ϯ 1,865) (P Ͻ 0.001). BAL fluid PMNs were still elevated at 24 h PBI, with no difference between ϪLAP/CP9 animals and ϩLAP/CP9 animals (11,770 Ϯ 5,541 versus 11,770 Ϯ 4,050, respectively). By 48 h PBI, PMNs were at preexperimental levels and macrophages were the predominant cell type in all groups. Interestingly, in a comparison between the number of macrophages per group between time points, there was a greater number of macrophages in the ϩLAP/CP9 group, as well as the NS/CP9 group, at 48 h PBI compared to levels at 6 h PBI (P Ͻ 0.05 and P Ͻ 0.001, respectively.). Thus, while i.n. E. coli produced a marked influx of PMNs into the pulmonary airspace that was evident at 6 h postinoculation, this effect was diminished by more than twofold in animals that underwent laparotomy prior to E. coli inoculation. (51) . At 6 h PBI, TNF-␣ bioactivity was greatly increased in ϪLAP/CP9 animals compared to ϩLAP/CP9 animals (17,010.0 Ϯ 3,556.0 versus 10,340.0 Ϯ 736.0 pg/ml), and ϩLAP/NS levels were slightly elevated compared to ϪLAP/NS levels (35.8 Ϯ 22.2 versus 8.0 Ϯ 1.4 pg/ml; P Ͻ 0.05) (Fig. 4A) . At 24 h PBI, TNF-␣ levels in CP9-challenged animals had decreased dramatically (ϪLAP/CP9, 31.6 Ϯ 10.4 pg/ml; ϩLAP/CP9, 31.9 Ϯ 4.8 pg/ml). By 48 h PBI, TNF-␣ levels in all groups had returned to baseline.
The pattern of IL-1␤ responses was similar to that of TNF-␣ (11, 36) . At 6 h PBI, IL-1␤ levels were markedly increased in both ϪLAP/CP9 (4,664.0 Ϯ 468.8 pg/ml) and ϩLAP/CP9 (4,203.0 Ϯ 304.5 pg/ml) animals, with no difference between the ϪLAP/NS and ϩLAP/NS groups (Fig. 4B) . At 24 h PBI, IL-1␤ levels in the ϪLAP/CP9 group were still elevated in comparison to the ϩLAP/CP9 group (2,331.0 Ϯ 621.9 versus 1,014.0 Ϯ 71.5 pg/ml; P Ͻ 0.05). By 48 h PBI, IL-1␤ levels in all groups approached baseline.
TNF-␣ and IL-1␤ are potent inducers of IL-6, an integral mediator of the acute-phase response to injury and infection (24, 33) . At 6 h PBI, IL-6 levels were dramatically increased in both ϪLAP/CP9 (10,204.0 Ϯ 765.9 pg/ml) and ϩLAP/CP9 (11,212.0 Ϯ 616.9 pg/ml) groups, with no difference between the ϪLAP/NS and ϩLAP/NS groups (Fig. 4C) . Like IL-1␤, at 24 h PBI IL-6 levels in the ϪLAP/CP9 group were still elevated in comparison to the ϩLAP/CP9 group (8,112.0 Ϯ 1,787.0 versus 3,108.0 Ϯ 565.8 pg/ml; P Ͻ 0.01). By 48 h PBI, IL-6 levels in all groups had returned to baseline.
These results showed that during the acute response period evaluated, levels of TNF-␣, IL-1␤, and IL-6 were all elevated in E. coli-challenged animals at 6 h PBI. By 24 h PBI, ϩLAP/ CP9 animals exhibited a decreased responsiveness (i.e., a decrease in cytokine levels) compared to ϪLAP/CP9 animals, with levels in all groups at baseline by 48 h PBI.
Leukocyte chemoattractants: KC, MIP-2, and MCP-1. The C-X-C chemokines KC and MIP-2 enhance neutrophil recruitment, activation, and bacterial clearance (21, 70) . At 6 h PBI, KC levels were markedly lower in the ϪLAP/CP9 group compared to the ϩLAP/CP9 group (4,496.0 Ϯ 692.2 versus 11,554.0 Ϯ 2,026.0 pg/ml; P Ͻ 0.001), with no difference between the ϪLAP/NS and ϩLAP/NS groups (Fig. 5A) . However, in contrast to levels at 6 h PBI, KC levels at 24 h PBI in the ϩLAP/CP9 group were lower in comparison to the ϪLAP/ CP9 group (20.1 Ϯ 3.8 versus 101.9 Ϯ 13.7 pg/ml; P Ͻ 0.001). By 48 h PBI, KC levels in all groups had returned to baseline.
At 6 h PBI, MIP-2 levels were increased in both the ϪLAP/ CP9 animals (1,911.0 Ϯ 331.1 pg/ml) and the ϩLAP/CP9 animals (3,063.0 Ϯ 402.1 pg/ml), with no difference between the ϪLAP/NS and ϩLAP/NS groups (Fig. 5B) . Similar to KC, MIP-2 levels in the ϩLAP/CP9 group at 24 h PBI were lower in comparison to the ϪLAP/CP9 group (57.0 Ϯ 6.0 and 91.1 Ϯ 15.6 pg/ml, respectively). By 48 h PBI, MIP-2 levels in all groups had returned to baseline.
MCP-1 is produced by various cell types in response to a number of stimuli, including IL-1␤ and TNF-␣ (5, 55, 60) . This C-C chemokine recruits and activates macrophages, lymphocytes, and eosinophils (45) . At 6 h PBI, MCP-1 levels were increased in both the ϪLAP/CP9 animals (293.8 Ϯ 105.8 pg/ ml) and the ϩLAP/CP9 animals (240.6 Ϯ 46.9 pg/ml), with no difference between the ϪLAP/NS and ϩLAP/NS groups (Fig.  5C) . At 24 h PBI, MCP-1 levels in the ϪLAP/CP9 group had increased, while levels in the levels in the ϩLAP/CP9 group had decreased (458.8 Ϯ 121.3 versus 60.3 Ϯ 15.2 pg/ml; P Ͻ 0.001). At 48 h PBI, MCP-1 levels in the ϪLAP/CP9 group were still elevated in comparison to baseline (82.0 Ϯ 36.4 versus 3.0 Ϯ 1.2 pg/ml; P Ͻ 0.05), while the remaining groups had returned to baseline.
These results show that during the acute response period evaluated, levels of KC, MIP-2, and MCP-1 were all elevated in E. coli-challenged animals at 6 h PBI. By 24 h PBI, ϩLAP/CP9 
a Data are means Ϯ standard errors of the means of 8 to 12 mice per group at each time point. Mice received 3 ϫ 10 6 CFU of E. coli i.n. at time zero, preceded 24 h earlier by laparotomy (LAP) or normal saline (NS). Cell counts and differentials were done on BAL fluid as described in Materials and Methods. M, macrophage. *, P Ͻ 0.05 compared to saline control group at the same time point; **, P Ͻ 0.001 compared to saline control group at the same time point; #, P Ͻ 0.001 compared to ϩLAP/CP9 at the same time point; ##, P Ͻ 0.05 compared to same group at 6 h postinfection.
animals exhibited a decreased responsiveness (i.e., a decrease in cytokine levels) compared to ϪLAP/CP9 animals, with levels in all groups (except MCP-1in the ϪLAP/CP9 group) at baseline by 48 h PBI.
Modulating cytokines: IFN-␥ and IL-10. IFN-␥ secreted by lymphocytes enhances leukocyte antibacterial effector functions (29) . At 6 h PBI, IFN-␥ levels in all experimental groups did not differ from baseline. By 24 h PBI, IFN-␥ levels in both the ϪLAP/CP9 and ϩLAP/CP9 groups had increased. However, levels in the ϩLAP/CP9 group were substantially lower compared to the E. coli-only group (118.3 Ϯ 31.9 versus 1,857.0 Ϯ 854.5 pg/ml; P Ͻ 0.05) (Fig. 6) . At 48 h PBI, IFN-␥ levels in all groups did not differ from baseline. The decrease in IFN-␥ levels in the ϩLAP/CP9 group at 24 h PBI coincided with the less-effective clearance of E. coli (relative to that in ϪLAP/CP9 animals) seen in this group at the same time point.
IL-10 can directly suppress neutrophil and macrophage effector functions and can also down-regulate the expression of TNF-␣, IFN-␥, and select chemokines (28, 32, 35, 53) . IL-10 levels in the BAL fluid remained low at all time points tested, with no differences between experimental groups.
DISCUSSION
Postoperative alterations in host immune functions after major surgery have been well described (1, 7, 17, 18, 25, 26, 39, 42, 44) , and several studies have proposed a causal relationship between surgical or traumatic injury and the subsequent development of infectious complications (34, 37) . When delivered endotracheally, lipopolysaccharide (LPS) in the cell walls of gram-negative bacteria induces the release of TNF-␣ from pulmonary macrophages and neutrophils, and the resulting extensive inflammatory response is believed to be responsible, in part, for the high mortality associated with nosocomial infections (20) . In addition, mice that were depleted of alveolar macrophages and then infected with K. pneumoniae showed an increase in lung and plasma levels of TNF-␣ and MIP-1␣ along with impaired bacterial clearance despite adequate recruitment of neutrophils (6) .
Similarly, in our model of nosocomial pneumonia, bacterial clearance was impaired in mice that underwent laparotomy and, 24 h later, received an i.n. inoculation of E. coli. This effect was not seen in animals that received i.n. E. coli only, without prior surgery. In addition, animals that underwent laparotomy followed by E. coli inoculation experienced a more-than-fourfold increase in mortality (between 6 and 24 h postinfection) compared to mice that did not undergo surgery, despite no demonstrable increase in damage to the alveolar capillary wall or differences in pulmonary neutrophil influx in surviving animals. When the bacterial burden in the lungs is above the level that the resident alveolar macrophages can successfully phagocytize, the recruitment and activation of neutrophils within pulmonary airspaces becomes critical to the successful resolution of a bacterial infection. BAL reflects the extravasation of neutrophils into the pulmonary airspaces, while MPO activity assesses neutrophil influx into the lung parenchyma. Mice that underwent surgery, followed by an i.n. E. coli inoculation, had fewer neutrophils in the airspaces at 6 h PBI and less of these cells in the lung at 24 h PBI than animals that received i.n. E. coli without any prior surgery. Patients at risk for nosocomial pneumonia often experience endotoxemia with a concomitant neutrophil dysfunction (8, 67) . Results from a recent study that used a rat model of endotoxemia-associated pneumonia showed an inhibition of airway neutrophil accumulation in response to intratracheal LPS instillation into endotoxemic rats (73) along with inhibited vascular permeability, which began to subside at 6 h following LPS instillation. At that time, neutrophils may be released from the microvasculature and migrate into the airspaces. However, these previously sequestered neutrophils may display an altered response to a subsequent stimulus (19, 76) , such as a decreased responsiveness to pulmonary inflammatory stimuli. Despite a difference between models as to what predisposing conditions may increase susceptibility for the development of a nosocomial pneumonia, the previous sequence of events could help reconcile our observed differences between MPO activity and vascular permeability. Although production of the neutrophil chemoattractants KC and MIP-2 were not initially altered, these C-X-C chemokines were reduced at 24 h PBI.
The proximal cytokine IL-1␤ was also decreased 24 h PBI. This regulator of the host antibacterial response, together with TNF-␣, plays an important role in neutrophil recruitment and activation by promoting increased expression of molecules on the surface of endothelial cells that are required for the initial attachment and activation of leukocytes prior to migration into the lung (36) . TNF-␣ and IL-1␤ also play an important role in on January 11, 2018 by guest http://cvi.asm.org/ activating other resident cells of the lungs to produce inflammatory cytokines (i.e., C-X-C chemokines) for an optimal innate antibacterial response (78) . In general, members of the C-X-C chemokine family (e.g., MIP-2 and KC) are responsible for chemotaxis of neutrophils, while the C-C chemokines (e.g., MCP-1) are involved in monocyte chemotaxis (65) . The leukocyte stimulatory and chemotactic properties attributed to chemokines led to the prediction that these molecules may enhance the microbicidal functions of neutrophils and macrophages (52) . In our study, both KC and MIP-2 were markedly elevated at 6 h PBI in both of the E. coli-challenged groups, with levels in animals that underwent prior laparotomy slightly higher than in the nonsurgery group. By 24 h PBI, KC and MIP-2 levels had returned to baseline values in the laparotomy animals and, although markedly decreased, KC and MIP-2 levels in E. coli-only animals were still elevated in comparison to baseline levels in the saline group. These results may, in part, account for the enhanced bacterial clearance seen in the ϪLAP/CP9 group in comparison to the ϩLAP/CP9 group at 24 h PBI, which also showed decreased clearance and decreased KC and MIP-2 levels at this same time point. Interestingly, in vivo inhibition of MIP-2 bioactivity with anti-murine MIP-2 serum has been shown to result in decreased lung neutrophil influx and bacterial clearance in murine Klebsiella pneumonia (21) .
The production of IL-6 is also stimulated by TNF-␣ and IL-1␤ and is believed to reflect the intensity of the level of the initial acute inflammatory response (24) . Additionally, IL-6 is responsible for systemic responses that protect the host by activating acute-phase reactants and promoting the transition of the acute inflammatory response to a less injurious subacute or chronic response (31) . The observation in our model that the CXC chemokines and IL-6 are decreased in the BAL fluid at 24 h PBI suggests that the initial antibacterial response was not as robust following laparotomy compared to the response in mice without surgical trauma, which could play a role in the decreased bacterial clearance observed at 24 h PBI in the ϩLAP/CP9 group.
While KC and MIP-2 are produced early on in the inflammatory response, MCP-1 production is usually delayed but sustained (77) . In our model, MCP-1 levels were elevated in CP9-challenged animals at 6 h PBI, with levels in the ϪLAP/ CP9 group peaking at 24 h PBI. In contrast, MCP-1 levels in the ϩLAP/CP9 group had decreased by 24 h PBI. Optimal MCP-1 production requires increased TNF and IL-1␤ levels and oxidant stimulation of endothelial cells from neutrophils as they migrate through the alveolar capillary wall following the initial response. This monotactic chemokine plays an important role in the recruitment and activation of new blood monocytes into the lung and is an important component of the transition to a less injurious subacute or chronic antibacterial response. In our model, the transition from an acute to a subacute response can be reflected by the increased number of macrophages present in the BAL fluid of ϪLAP/CP9 animals at 24 and 48 h PBI and could account for the more efficient bacterial clearance and decreased incidence of mortality seen in this group, specifically at the 24-h PBI time point. Conversely, the number of macrophages in the ϩLAP/CP9 group remained relatively unchanged throughout the course of the experiment, which may be indicative of these animals' inability to mount an effective proinflammatory response to a subsequent bacterial infection following the initial surgical injury.
IFN-␥ plays an important protective role in innate immune responses against common bacterial pathogens by increasing the effector function of neutrophils and macrophages and enhancing leukocyte killing activity by a TNF-␣-dependent mechanism (48, 75) . Clinically, traumatic injury suppresses IFN-␥ production, and there is some evidence that daily treatment with IFN-␥ immediately following trauma results in fewer deaths (12) . However, there are no published reports that have been able to demonstrate a connection between surgically induced inhibition of IFN-␥ and bacterial clearance. In our model, surgery followed by i.n. E. coli resulted in decreased levels of IFN-␥ in BAL fluid, compared to levels in animals that received E. coli only, at 24 h PBI. IFN-␥ is produced in lymphocytes, primarily in response to IL-12 released from resident alveolar macrophages, and administration of IL-12 protects animals against a pulmonary K. pneumoniae challenge (22) . Impaired production of IFN-␥, a key cytokine involved in host antibacterial defense may, in part, be responsible for the decreased clearance of E. coli from the lung following E. coli challenge.
In summary, we have developed a clinically relevant murine model of postoperative nosocomial pneumonia that is characterized by decreased pulmonary bacterial clearance and increased mortality. Alterations in neutrophil recruitment and cytokine production that are clearly associated with impairment in the host antibacterial defense are also present. Additionally, cytokine production is consistent with previously reported findings in patients following surgical trauma. Interestingly, there are no differences in lung injury (as assessed by albumin extravasation into the air spaces) between surviving animals that underwent surgery 24 h prior to E. coli inoculation and those that received E. coli only. There was, however, an increased mortality rate in the former group, which may be related to changes in the acute antibacterial host response (e.g., an exaggerated proinflammatory response) or toxic products from bacteria that are not optimally cleared from the lungs. While more research is needed to establish the specific molecular and cellular mechanisms that are responsible for the development and progression of a nosocomial pneumonia, we speculate that the modulatory effect of surgical stress on cytokine production may cause changes in recruitment and regulation of effector functions of neutrophils and/or alveolar macrophages, thereby impairing innate host antibacterial immunity.
